The effects of creep and shrinkage on the time-dependent behaviour of reinforced concrete and composite steel-concrete slabs are discussed and procedures for the prediction of the long-term deflection are presented. The time-dependent deformations caused by creep and shrinkage are modelled using tractable formulations developed using the age-adjusted effective modulus method of analysis. The procedure includes the time varying nature of tension stiffening and the effects of time-dependent shrinkage-induce cracking. Sample calculations are provided. The methods are validated against a range of test data and are shown to provide reliable estimates of in-service deformations.
Introduction
The two main objectives in structural design are strength and serviceability. A concrete structure should be both safe and serviceable, so that the chances of it failing during its design lifetime are sufficiently small. In order to satisfy the requirements for serviceability, a concrete structure must perform its intended function throughout its working life. Excessive deflection should not impair the function of the structure or be aesthetically unacceptable. Cracks should not be unsightly or wide enough to lead to durability problems and vibration should not cause distress to the structure or discomfort to its occupants.
Reinforced concrete and composite steel-concrete slabs are used as floor systems throughout the world and, because of their slenderness, they are deflection sensitive structural elements. In structural design, deflection calculations are complicated by the non-linear behaviour of concrete under service loads, in particular the effects of cracking, creep and shrinkage. Quantification of the effects of shrinkage is particularly problematic. Restraint to shrinkage causes tension that not only reduces the cracking moment and causes time-dependent cracking, it also causes a reduction of tension stiffening with time. In addition, the shrinkage-induced tensile restraining force is often eccentric to the concrete section, thereby inducing additional curvature and additional deflection. In the case of composite slabs, where profiled steel decking is used as permanent formwork, drying occurs predominantly from the top surface of the slab and the resulting shrinkage gradient can result in significant shrinkage-induced deflection. The commonly used methods for including these effects in calculations of deflection are relatively crude and unreliable and excessive slab deflection is a common problem.
In this paper, the effects of creep and shrinkage on the deflection and cracking of reinforced concrete and composite steel-concrete slabs are discussed and quantified and procedures for predicting long-term deflection are presented. The timedependent deformations caused by creep and shrinkage are modelled using tractable formulations developed using the ageadjusted effective modulus method of analysis [1] [2] [3] [4] . The procedure includes the time varying nature of tension stiffening and the effects of time-dependent shrinkage-induce cracking. The methods are validated against a range of test data and are shown to provide reliable estimates of in-service deformations. The aim is to present a reliable and rational approach for predicting the deformation of reinforced and composite steel-concrete slabs under typical in-service conditions.
Effects of Cracking on Cross-sectional Response
Consider a reinforced concrete or composite steel-concrete slab subjected to uniform bending. The average instantaneous moment-curvature response is shown as curve OAB in Fig. 1 . At moments less than the cracking moment, M cr , the element is uncracked and the moment-curvature relationship is essentially linear (OA in Fig. 1 ) with a slope equal to the flexural rigidity of the uncracked transformed section, E c I uncr . When the moment reaches the cracking moment M cr (i.e. when the extreme fiber tensile stress caused by bending and restraint to shrinkage reaches the flexural tensile strength, f ct.f ), primary cracks form at reasonably regular centres and the average moment curvature relationship becomes non-linear. When a primary crack develops, there is a sudden change in the local stiffness at and immediately adjacent to each crack. At a section containing a crack, the tensile concrete carries little or no stress, the flexural stiffness drops significantly and the local moment-curvature relationship on a cracked cross-section follows the dashed lines AA͛C (when M ≥ M cr ) in Fig. 1 . The slope of line A͛C is equal to the flexural rigidity of the cracked transformed cross-section, E c I cr In reality, the flexural rigidity of the fully-cracked cross-section (E c I cr ) underestimates stiffness after cracking because the tensile concrete between primary cracks carries stress due to bond between the tensile reinforcement and the concrete. The contribution of the tensile concrete to the stiffness of the member is the tension stiffening effect. The average instantaneous moment-curvature response after cracking follows the solid line AB in Fig. 1 . At a typical in-service moment M s (≥ M cr ), the flexural rigidity of the cracked region is E c I ef and is represented by the slope of the unloading and reloading line O * X in Fig. 1 . The rigidity E c I ef is between E c I uncr and E c I cr depending on the magnitude of the applied moment. As moment increases, there is a gradual breakdown in the steel-concrete bond and E c I ef approaches E c I cr . The difference between the actual and the zero tension response is tension stiffening (and is represented by a reduction in average instantaneous curvature, δκ 0.ts , as shown), refer Gilbert [4] [5] [6] [7] [8] , Bischoff [9, 10] , Kaklauskas et al. [11] [12] [13] , Scott and Beeby [14] .
After loading to M s and then unloading, a residual (non-recoverable) curvature κ 0,r remains as a result of cracking. This residual deformation is in part due to the energy lost due to cracking and part may be caused by concrete shrinkage that has occurred prior to cracking. This will be discussed subsequently.
In any particular region of a slab, I cr < I ef ≤ I uncr , where I uncr is the second moment of area of the uncracked cross-section and I cr is the second moment of area of the fully-cracked cross-section (obtained by ignoring the tensile concrete). For the calculation of both I uncr and I cr , the cross-sectional areas of the reinforcement bars, bonded tendons and/or steel decking are transformed into equivalent areas of concrete located at the level of the reinforcement bar, tendon or deck.
An equation for the effective second moment of area of a cracked region may be derived from the average curvature approach specified in Eurocode 2 [15] and was proposed by Bischoff [10] : 
where β is a damage parameter that is used to account for shrinkage-induced cracking and the reduction in tension stiffening that occurs with time. Early shrinkage in the days and weeks after casting will cause tension in the concrete and a reduction in the cracking moment. As time progresses and the concrete continues to shrink, the level of shrinkage induced tension increases in an uncracked member, further reducing the cracking moment. If shrinkage has not occurred before first loading, the deflection immediately after loading may be calculated with β = 1.0. However, in practice, significant shrinkage usually occurs before first loading and β is less than 1.0. When calculating the short-term or elastic part of the deflection, β =0.7 has been recommended at early ages (less than 28 days); and β =0.5 has been recommended at ages greater than 6 months [4] . Of course, the most appropriate value for β depends on the magnitude of shrinkage strain and the duration of loading and the time-dependent damage to the steel-concrete bond between the primary flexural cracks. Research is continuing to quantify these effects. The upper limit of (= 0.6 I uncr ) in Eq. (1) is recommended because the value of I ef is very sensitive to the calculated value of M cr and, for lightly loaded members, significant underestimates of deflection can result if account is not taken of cracking due to unanticipated shrinkage restraint, temperature gradients or construction loads [4] .
Effects of Creep on Cross-sectional Response
The gradual development of creep strain in the compression zone of a reinforced concrete cross-section causes an increase of curvature and a consequent increase in the deflection of the member. For a plain concrete member, the increase in strain at every point on the section is proportional to the creep coefficient, ϕ (t), and so too, therefore, is the increase in curvature. For the uncracked, singly reinforced section shown in Fig. 2a , creep is restrained in the tensile zone by the reinforcement. Depending on the quantity of steel, the increase in curvature due to creep is proportional to a large fraction of the creep coefficient (usually between 0.7ϕ(t) and 0.95ϕ(t)). On the cracked, singly reinforced beam section shown in Fig. 2b , the initial curvature is comparatively large and the cracked tensile concrete below the neutral axis carries no stress and therefore does not creep. Creep in the compression zone causes a lowering of the neutral axis and a consequent reduction in the compressive stress level. Creep is slowed down (reduced) as the compressive stress reduces, and the increase in curvature is proportional to a small fraction of the creep coefficient (usually less than 0.5ϕ(t)). The relative increase in deflection caused by creep is therefore greater in an uncracked beam than in a cracked beam, although the total deflection in the cracked beam is significantly greater.
Effects of Shrinkage on Cross-sectional Response
Reinforcement, tendons and/or steel decking bonded to the concrete provides restraint to shrinkage and, if the restraining force is not symmetrically located on the concrete cross-section, a shrinkage-induced curvature develops with time. Consider the singly reinforced member shown in Fig. 3a , and the small segment of length, Δz. The shrinkage-induced stresses and strains on an uncracked and on a cracked cross-section are shown in Figs. 3b and 3c, respectively.
As the concrete shrinks, it compresses the steel reinforcement. The steel, in turn, imposes an equal and opposite tensile force, ΔT, on the concrete. This gradually increasing tensile force, acting at some eccentricity to the centroid of the concrete cross-section produces linearly varying elastic plus creep strains and a resulting curvature on the section. The shrinkageinduced curvature (κ sh ) often leads to significant load-independent deflection of the member. The magnitude of ΔT (and hence the shrinkage-induced curvature) depends on the quantity and position of the reinforcement and on the size of the uncracked (intact) part of the concrete cross-section, and hence on the extent of cracking. The extent of cracking depends, of course, on the magnitude of the applied moment. Although shrinkage strain is independent of stress, the shrinkage-induced curvature is not independent of the external load. The shrinkage-induced curvature on a cracked cross-section (κ sh ) cr is considerably greater than on an uncracked cross-section (κ sh ) uncr , as can be seen in Fig. 3 . For composite slabs the drying shrinkage profile through the slab thickness is greatly affected by the impermeable steel deck at the slab soffit and the restraint to shrinkage provided by the profiled deck has only recently been quantified [16, 17, 18] . In their research, Gilbert et al. [16] measured the nonlinear variation of shrinkage strain through the thickness of several slab specimens, with and without steel decking at the soffit, and sealed on all exposed concrete surfaces except for the top surface. Carrier et al. [19] measured the moisture contents of two bridge decks, one was a composite slab with profiled steel decking and the other was a conventional reinforced concrete slab permitted to dry from the top and bottom surfaces after the timber forms were removed. The moisture loss was significant only in the top 50 mm of the slab with profiled steel decking and in the top and bottom 50 mm of the conventionally reinforced slab.
Little design guidance is available to structural engineers for predicting the in-service deformation due to shrinkage in composite slabs and, as a consequence, structural designers often specify the decking as sacrificial formwork, in lieu of timber formwork, and ignore the structural benefits afforded by the composite action. This provides a conservative estimate of strength, but may well result in a significant under-estimation of deflection because of the shrinkage gradient and the restraint provided by the deck. Fig. 4 shows typical strain profiles caused by shrinkage (including restraint) on a crosssection of an uncracked and a cracked composite slab 150 mm deep. The decking has a 70 mm deep trapezoidal profile (KF-70, [23] ). Also shown is the measured shrinkage strain profile through the thickness of the concrete slab without restraint from the decking [16] .
Moment-Curvature Relationships

Effect of shrinkage before first loading
The graph of average moment-instantaneous curvature OAB in Fig. 1 is reproduced in Fig. 5 . It is significantly affected if shrinkage occurs prior to loading. In practice, this is often the case. For an eccentrically reinforced concrete slab or a composite slab with steel decking at the soffit, a shrinkage induced curvature (κ sh ) uncr will develop on the uncracked cross-section before the member is loaded when the applied moment is zero (i.e. M s = 0), and this is shown as point O′ in Fig. 5 . This curvature and the tensile stress caused by shrinkage at the tensile surface of the uncracked cross-section σ cs were illustrated in Figs. 3b and 4a. The moment required to cause first cracking M cr.sh0 will be less than M cr because of the shrinkage-induced tensile stress σ cs and the moment-curvature relationship is now represented by curve O′A′B′ in Fig. 5 . As illustrated in Figs. 3 and 4, the initial curvature due to early shrinkage on a fully-cracked cross-section (κ sh ) cr , where the tensile concrete is assumed to carry no stress, is larger than that on the uncracked member (κ sh ) uncr . Therefore, early shrinkage before loading causes the dashed line representing the fully-cracked response to move further to the right, shown as line O′′C′ in Fig. 5 .
Because the cracking moment is substantially reduced, it is likely that early shrinkage prior to loading affects the magnitude of tension stiffening under an applied moment M s > M cr.sh0 . After loading to M s , if the cross-section with early shrinkage is unloaded, the unloading line XO* in Fig. 5 crosses the horizontal axis at a curvature significantly greater than (κ sh ) uncr as shown. This residual curvature is due to cracking and its effects on shrinkage-induced curvature.
Concrete carries no tension anywhere It is a straightforward analysis to determine the shrinkage induced curvature on a reinforced concrete or composite steelconcrete cross-section of any shape using one of the recognised methods for the time analysis of concrete structures [4] . Empirical expressions for the shrinkage-induced curvatures on cracked and uncracked rectangular reinforced concrete cross-sections are given in Eqs. (2a) and (2b), respectively, [7] and were developed from time analyses using the ageadjusted effective modulus method.
For a cracked reinforced concrete cross-section:
and for an uncracked cross-section:
where A st is the area of tensile reinforcement; d is the effective depth to the tensile reinforcement; A sc is the area of compressive reinforcement (if any); p is the reinforcement ratio (A st /bd); ε sh is the shrinkage strain; and D is the overall depth of the cross-section.
For composite slabs with steel decking, the shrinkage induced curvature may be taken as
where ε sh is the shrinkage strain at the top drying surface of the slab; D is the overall slab thickness; p sd = A sd /bd sd is the decking reinforcement ratio; A sd is the cross-sectional area of the decking; b is the width of the cross-section; d sd is the depth from the top surface of the slab to the centroid of the steel deck; and λ sh is a factor that depends on the deck profile and the extent of cracking. For the deep trapezoidal decking profiles, similar to that shown in Fig. 4 , λ sh may be taken as 0.8 for an uncracked cross-section and 1.2 for a cracked section.
Effect of creep under sustained loading
For a cross-section subjected to constant sustained moment over the time period, from τ 0 to t, if no shrinkage has occurred prior to loading, the instantaneous moment versus curvature response of the cross-section is shown as curve OAB in Fig. 6 (identical to curve OAB in both Figs. 1 and 5 ). The instantaneous fully-cracked section response (calculated ignoring the tensile concrete) is shown as line OC in Fig. 6 . If the cross-section does not shrink with time (i.e. ε sh remains at zero), creep causes an increase in curvature with time at all moment levels and the M-κ response at time t shifts to curve OA′B′ in Fig. 6 . The creep-induced increase in curvature with time at an applied moment M s may be expressed as
where κ 0 is the instantaneous curvature; ϕ (t,τ 0 ) is the creep coefficient at time t due to a stress applied at time τ 0 ; and α is a factor that depends on the amount of cracking and the quantity and position of bonded reinforcement or decking. For reinforced concrete slabs with typical reinforcement ratios, α is in the range 1.0 -1.2, for uncracked sections, and in the range 5 -7 when cracking is extensive. For composites slabs with decking, α is in the range 1.2 -1.4, for uncracked sections, and in the range 4 -6 for cracked sections. Empirical expressions for α have been developed for reinforced concrete slabs based on results obtained from a parametric study of cross-sectional responses undertaken using the age-adjusted effective modulus method [4] and are given by Eqs. (5a) and (5b).
For a cracked reinforced concrete cross-section in bending (I ef < I uncr ):
and for an uncracked cross-section
For composite slabs with profiled steel decking, Eqs. (5a) and (5b) may be used to determine α, provided the term p in the equations is replaced by (p sd + p) and A st is replaced by A sd + A st .
Effect of creep and shrinkage under sustained load
When shrinkage before and after first loading is included, the curvature increases even further with time and the timedependent response of the cross-section is shown as curve O′A′B′ in Fig. 7 . At M = 0, the curvature increases due to shrinkage of the uncracked cross-section and the point O moves horizontally to O′. Due to the restraint to shrinkage provided by the bonded reinforcement, tensile stress is induced with time and this has the effect of lowering the cracking moment from M cr to M cr.sh . For any cross-section subjected to a sustained moment in the range M cr.sh < M s ≤ M cr , cracking will first occur with time and the increase in curvature will be exacerbated by the loss of stiffness caused by time-dependent cracking. In practice, the critical sections of many lightly reinforced slabs are loaded in this range.
The response of the cracked section (ignoring the tensile concrete) after creep and shrinkage is shown as the dashed line O′′E′ in Fig. 7 . The shrinkage induced-curvature of the fully cracked cross-section when M = 0 is greater than that of the uncracked cross-section and the cracked section response is shifted horizontally from point O to point O′′, as shown. The slope of the cracked section response in Fig. 7 is softened by creep and the slope of the line O′′E′ in Fig. 7 is the same as the slope of line OC′ in Fig. 5 . Consider the moment curvature graph of Fig. 8 . Initially at time τ 0 , the cross-section is loaded beyond the cracking moment to a maximum moment of M sus +M Q (point B in Fig. 8 ) and then unloaded to M sus (Point C), where M sus is the moment caused by the sustained loads and M Q is the moment caused by the variable live load. The flexural rigidity immediately after loading (E c I ef,0 ) is proportional to the slope of the line O * CB. If the moment M sus is sustained for a time period (t − τ 0 ), during which the concrete creeps and shrinks, the curvature increases from κ sus,0 to κ sus,t (from point C to point D in Fig. 8) . If the member is unloaded at this time, the unloading line DE has a slope proportional to E c I ef,t which is significantly less than the corresponding slope at first loading (E c I ef,0 ).
κsus,0 κsus,t
Fig.8. Effects of time on the instantaneous rigidity
Tests have confirmed that the tension stiffening effect decreases after a period of sustained load and shrinkage [8] , [14] , [20] . The load-deflection curves measured on two prismatic laboratory specimens tested in four point bending are shown in Fig. 9 [20] . Both beam specimens were identical except for the load history. Each beam was of rectangular cross-section 400 mm deep, 300 mm wide and 3500 mm long and each contained three 16 mm diameter tensile reinforcing bars (f y = 500 MPa) at an effective depth of 357 mm. Both beams were simply-supported over a span of 3100 mm and loaded at the quarter span points. The measured elastic modulus, mean compressive strength and mean flexural tensile strength of the concrete at the age of first loading were E c = 33000 MPa and f c = 46 MPa and f t = 3.5 MPa, respectively. After initial loading beyond first cracking, the specimens were subjected to repeated cycles of loading and unloading, and then subjected to a constant sustained load for a period of 6 months. After six months, the specimens were again subjected to repeated cycles of loading and unloading. A full description of the tests is given by Castel et al. [20] . The reduction in the instantaneous stiffness after sustained loading can be clearly seen. 
Design Predictions of Average Curvature and Deflection
Clearly, for a cracked member, deformation will be underestimated if the analysis assumes every cross-section is uncracked. On the other hand, deformation will be overestimated, sometimes grossly overestimated, if every cross-section is assumed to be fully-cracked. Eurocode 2 2004 [15] suggests that a suitable method for determining deflection is to calculate the cracked and uncracked curvatures at frequent cross-sections along the member and then to calculate the average curvature at each section using Eq. (6):
(1 )
where ζ is a distribution coefficient given by:
and β depends on the duration of loading and β = 1 for a single short-term loading and β = 0.5 for sustained loads or many cycles of repeated loading. The treatment of time-dependent cracking and the reduction of tension stiffening with time are crudely modelled using the β factor. A modified expression for ζ was proposed by Gilbert [21] , namely:
where M cr.t is the cracking moment at the time under consideration and M s is the maximum in-service moment that has been imposed on the member at or before the time instant at which deflection is being determined. When calculating the shortterm or elastic part of the deflection, it was recommended that M cr.t = 0.85M cr at any time less than 28 days after the commencement of drying; M cr.t = 0.70M cr at any time greater than 28 days after the commencement of drying; and for all long-term deflection calculations M cr.t = 0.70M cr . The short-term cracking moment is M cr = Zf ct.f , where Z is the section modulus related to the tensile face of the cross-section and f ct.f is the lower characteristic flexural tensile strength of concrete. While this approach has been shown to provide good agreement with test data, the recommended values for M cr.t are independent of the shrinkage strain and therefore provide only a crude model of the effects of shrinkage on time-dependent cracking and tension stiffening.
Gilbert [6] earlier proposed to more directly include the tensile stress induced by shrinkage on the uncracked section, and based on this approach, the following expression for M cr.t is here recommended for inclusion in Eq. (8):
where ε sh is the shrinkage at the time deflection is being calculated; and, for a composite slab with profiled steel decking, p is replaced with p sd . It is further recommended that on no account should the average curvature on any reinforced concrete slab be taken to be less than (κ uncr )/0.6, as some cracking due to combinations of load, restrained shrinkage and temperature variations is considered inevitable.
With the curvature thus determined at various cross-sections along the span, the deflection can be obtained by double integration. If the curvature is determined at the mid-span (κ M ) and at the left and right ends (κ L and κ R ) of a span of length L, and if the distribution of curvature along the span is taken to be parabolic, the mid-span deflection (v M ) at the time under consideration may be conveniently obtained from Eq. (10):
Eq. (10) provides a close approximation of the deflection for beams where the load distribution is approximately uniform and the bending moment diagram is approximately parabolic.
Comparisons of Calculated and Measured Deflections
Experimental program -RC beams and slabs
The final long-term deflections calculated using the procedure outlined in the previous sections are here compared with the measured final deflections of twelve prismatic, one-way, singly reinforced concrete specimens (6 beams and 6 slabs).
The beams and slabs were tested by Gilbert and Nejadi [22] under constant sustained service loads for periods in excess of 400 days. The specimens were simply-supported over a span of 3.5 m with cross-sections shown in Fig. 10 . All specimens were cast from the same batch of concrete and moist cured prior to first loading at age 14 days. Details of each test specimen are given in Table 1 . The measured elastic modulus and compressive strength of the concrete at the age of first loading (i.e. age 14 days) were E c = 22820 MPa and f c = 18.3 MPa, whilst the creep coefficient and shrinkage strain associated with the 400 day period of sustained loading were ϕ (t,τ) = 1.71 and ε sh = 825με.
The loads on all specimens were sufficient to cause primary cracks to develop in the region of maximum moment at first loading. In Table 2 , the sustained in-service moment at mid-span, M sus , is given, together with the stress in the tensile steel at mid-span, σ st1 , due to M sus (calculated on the basis of a fully cracked section); the calculated ultimate flexural strength, M u (assuming a characteristic yield stress of the reinforcing steel of 500 MPa); the ratio M sus /M u ; and the cracking moment, M cr ,= Z f ct.f (calculated assuming a tensile strength of concrete of f ct.f = 0.6√ f c = 2.57 MPa). Two identical specimens "a" and "b" were tested for each combination of parameters as indicated in Table 1 , with the "a" specimens loaded more heavily than the "b" specimens. The "a" specimens were subjected to a constant sustained load sufficient to cause a maximum moment at mid-span of between 40 and 50% of the calculated ultimate moment and the "b" specimens were subjected to a constant sustained mid-span moment of between 25 and 40% of the calculated ultimate moment.
Sample deflection calculations -Beam B2-a
Typical calculations for the maximum final deflection at mid-span are provided here for Beam B2-a, with L = 3.5 m; b = 250 mm; d = 300 mm; D =333 mm; A st = 400 mm 2 ; p = 0.00533; E c = 22820 MPa; f ct.f = 2.57 MPa; n = E s /E c = 8.76; ϕ (t,τ) = 1.71, ε sh = 0.000825, and at mid-span M s = 24.8 kNm.
Instantaneous Deflection: The second moments of area of the uncracked transformed section and the fully-cracked transformed section are I uncr = 823 × 10 6 mm 4 and I cr = 212 × 10 6 mm 4 , respectively, and the initial curvatures at mid-span on the uncracked and cracked sections are κ 0.uncr = M s /E c I uncr = 1.32×10 -6 mm -1 and κ 0.cr = M s /E c I cr = 5.13×10 -6 mm -1
. Since the final maximum deflection is required, we take ε sh = 0.000825 in Eq. (9) and get M cr.t = 7.82 kNm.
At mid-span: Eq. (8) gives ζ = 1 − (7.82/24.8) 2 = 0.90 and, from Eq. (6), the instantaneous curvature is 6 6 1 0.
(0.90 5.13 (1 0.90) 1.32) 10 4.74 10 mm .
The instantaneous deflection at mid-span due to the full service load is obtained from Eq. (10) Due to Shrinkage: Eq. (2a) and (2b) give the shrinkage-induced curvature on a cracked and an uncracked section, respectively: 
For the uncracked section at each support, the minimum curvature is (κ sh ) uncr /0.6 and therefore:
The shrinkage-induced deflection may be approximated using Eq. (10): 
The Final Long-term Deflection: -The final long-term deflection at mid-span (v C ) max is therefore: 
This compares well with the measured final deflection of B2-a of 12.4 mm.
Calculated versus measured deflections
The calculated final deflection of each of the test specimens is compared to the measured value in Table 3 . In general, the agreement between the measured and the calculated deflection is good. The deflection calculations are a little conservative for the lightly loaded beams (B1-b, B2-b and B3-b), but provide much closer agreement for the more heavily loaded beams and all the slabs. Considering the variability of the concrete properties that most influence deflection, the calculation method described here is considered to be both relatively easy to use and accurate enough for routine use in structural design. 
Experimental program -Composite slabs
Ten large scale simple-span composite one-way slabs were recently tested under different sustained, uniformly distributed service load histories for periods of up to 240 days. Two different decking profiles supplied by Fielders Australia [23] were considered (KF40 and KF70).
Each slab was 3300 mm long, with a cross-section 150 mm deep and 1200 mm wide, and contained no reinforcement (other than the external steel decking). Each slab was tested as a single simply-supported span under uniformly distributed loading. The centre to centre distance between the two end supports (one hinge and one roller) was 3100 mm. Five identical slabs with KF70 decking were poured at the same time from the same batch of concrete. An additional five identical slabs with KF40 decking were poured at a different time from a different batch of concrete (but to the same specification and from the same supplier). The thickness of the steel sheeting for both types of decking was t sd = 0.75 mm. The cross-section of each of the five slabs with KF70 decking is shown in Fig. 11a .
Each slab was covered with wet hessian and plastic sheets within four hours of casting and kept moist for six days to delay the commencement of drying. At age 7 days the side forms were removed and the slabs were lifted onto the supports. Subsequently the slabs were subjected to different levels of sustained loading by means of different sized concrete blocks. A photograph of the five KF70 slabs showing the different loading arrangements and the slab designations are shown in Fig. 11b . The first digit in the designation of each slab is the specimen number (1 to 10) and the following two letters indicate the nature of the test, with LT for long-term. The next two numbers indicate the type of decking (with 70 and 40 for KF70 and KF40, respectively). The final digit indicates the approximate value of the maximum superimposed sustained loading in kPa. The section properties of the steel decking profiles are provided in Table 4 and the self-weight and cross-sectional properties of the composite slabs are given in Table 5 . The mid-span deflection of each slab was measured throughout the sustained load period with dial gauges at the soffit of the specimen.
Each of the KF70 slabs was placed onto its supports at age 7 days and remained unloaded (except for its self-weight, i.e. 3.0 kPa) until age 64 days. At age 64 days, with the exception of 1LT-70-0, each slab was subjected to superimposed sustained loads in the form of concrete blocks. Slab 1LT-70-0 carried only self-weight for the full test duration of 240 days. Slabs 2LT-70-3 and 3LT-70-3 were identical, carrying a constant superimposed sustained load of 3.4 kPa from age 64 days to 247 days (i.e. a total sustained load of 6.4 kPa). Slab 4LT-70-6 carried a constant superimposed sustained load of 6.0 kPa from age 64 days to 247 days (i.e. a total sustained load of 9.0 kPa). Slab 5LT-70-8 carried a constant superimposed sustained load of 6.1 kPa from age 64 days to 197 days (i.e. a total sustained load of 9.1 kPa) and from age 197 days to 247 days the superimposed sustained load was 7.9 kPa (i.e. a total sustained load of 10.9 kPa).
Each of the KF40 slabs was placed onto the supports at age 7 days and remained unloaded (except for its self-weight, i.e. 3.2 kPa) until age 28 days. At age 28 days (after 21 days drying), with the exception of 6LT-40-0, each slab was subjected to superimposed sustained loads with the block layouts similar to that used for the KF70 slabs. Slab 6LT-40-0 carried only self-weight for the full test duration of 244 days. Slabs 7LT-40-3 and 8LT-40-3 were identical, carrying a constant superimposed sustained load of 3.4 kPa from age 28 days to 251 days (i.e. a total sustained load of 6.6 kPa). Slabs 9LT-40-6 and 10LT-40-6 were also identical and carried a constant superimposed sustained load of 6.4 kPa from age 28 days to 251 days (i.e. a total sustained load of 9.6 kPa).
For the KF-70 slabs, at the age of first loading E c = 30725 MPa, f ct.f = 3.50 MPa and the measured creep and shrinkage characteristics over test duration were ϕ (t) = 1.62 and ε sh = 512 με. For the KF-40 slabs, at the age of first loading E c = 28200 MPa, f ct.f = 3.80 MPa and the measured creep and shrinkage characteristics were ϕ (t) = 1.50 and ε sh = 630 με.
The average of the measured values of yield stress and elastic modulus taken from three test samples of the KF70 decking were f y = 544 (MPa) and E s = 212000 (MPa), respectively. Similarly, from three test samples of the KF40 decking, average values were f y = 475 (MPa) and E s = 193000 (MPa), respectively.
The variations of mid-span deflection with time for the KF70 and KF40 slabs are shown in Figs. 12 and 13 , respectively. The final measured deflection values are provided in Table 6 , together with the calculated final deflection. The measured deflection shown in Figs. 12 and 13 includes that caused by shrinkage, the creep induced deflection due to the sustained load (including self-weight), the short-term deflection caused by the superimposed loads (blocks) and the deflection caused by the loss of stiffness resulting from time-dependent cracking (if any). It does not include the initial deflection of the uncracked slab at age 7 days due to self-weight (which has been calculated to be about 0.5 mm for both the KF70 and KF40 slabs). In Table 6 , the initial deflection due to self weight is included in the "measured" values. . Since the final maximum deflection is required, we take ε sh = 0.000512 in Eq. (9) and get M cr.t = 7.08 kNm.
At mid-span: Eq. (8) gives ζ = 1 − (7.08/9.23) 2 = 0.411 and, from Eq. (6), the instantaneous curvature is (0.411 2.95 (1 0.411) 1.08) 10 1.85 10 mm .
The instantaneous deflection at mid-span due to the full service load is obtained from Eq. (10) as: Note that for composite concrete slabs, where the shrinkage curvature on an uncracked section is about 67% of that on a cracked section, the recommendation that curvature should always be taken as greater than κ uncr /0.6 may be waived.
Calculated versus measured deflections
The calculated final deflection of each of the test specimens is compared to the measured value in Table 6 . In general, the agreement between the measured and the calculated deflection is considered to be good. It is noted that for composite slabs carrying superimposed loads typical of the magnitudes applied to the floors of most buildings, the shrinkage deflection is often more than 50% of the total deflection. 
Conclusions
The in-service behaviour of reinforced concrete and composite steel-concrete slabs under sustained service loads has been described and procedures for calculating in-service deflection, both short-term and long-term, have been outlined. The approaches effectively and efficiently include the dominating effects of cracking, tension stiffening, creep and shrinkage and they are ideally suited for structural design calculations. The methods have been illustrated by example and have been shown to be both mathematically tractable and reliable. For the 12 reinforced concrete test specimens considered, the mean measured to predicted deflection was 0.96 with a coefficient of variation of just 7.5%. For the 10 composite steel-concrete test specimens considered, the mean measured to predicted deflection was 0.92 with a coefficient of variation of 11.4%.
